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ABSTRACT

DOpplcr scintillation rneasurcments of a coronal stt earner ]astinf, several solar rotations

have been conducted by U]ysscs in 1991 over a heliocentric distance Iangc of

14–77 I?o. Fly showing that the solar corona is filamentary, and that Dc}ppler  frequency is

the radio counterpart of white-light eclipse pictures pr<)cessed  to enhance spatial gradients,

it is demonstrated that IIopplcr scintillation measurements provide the high spatial

resolution that has long eluded white-light comnagraph  mcasurcmcmts.  The region of

enhanced scintilla~ion,  spanning an angular extent  of 1.8° in heliographic longitude,

coincides with the radially expanding streamer stalk, and represents filamentary structure

with scale sizes at least as small as 340 km (0.5 arcscc) when cxtrapo]a[cd  to the Sun.

Within the stalk of the streamer, the fine-scale structu]  c corresponding to scale siTcs  in the

range of 2&340  km at the Sun and associated with closed magnetic fields, amounls  to a

few percent of the rncan density, while outside the stalk, the fine.-scalc structure associated

with open fickls is an order of magnitude lower. Clustering of fila]ncntary structure that

takes place within the stalk of the streamer is suggestive of mult ildc.  current sheets.

Comparison with lSEE-3  in situ plasma measurements shows that significant evolution duc

to dynamic interaction with increasing heliocentric dislance takes place by the time

streamers reach Ea]lh orbil.
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1. INTRODUCTION

,,

Coronal streamers, the most conspicuous large-scale quasi-stationary features of Ihc

solar corona, have been extensively observed in white, - light mcasurcmc~its  as well as

invcs[igated  theoretically (Koutchmy  & l..ivshits  1992; Po]ct[o 1994; Kopp 1994;

Guhathakurta  & Fisher 1995). Rising above the ncutr~l  line that separates the large-scale

positive and negative polarity regions of the coronal mtgnctic fickl, streamers cx[cnd into

intcrp]anctary  space, appearing as dcnsi{ y enhance.mcn(s near the lICI iosphcric current sheet

at 1 AU (Gosling cl al. 1981; IIucldleston  et al. 1995).

Recent investigations based on Doppler scintillatiml mcasurcnlcnts  have shown that

enhancements in electron density fluctuations near the I Ieutral  line and hence the

hc]iosphcric  current sheet are the interplanetary manifcstalicm  of coronal streamers in the

vicinity of the Sun (Woo et al. 1994, 1995). The purJ~osc  of this pa])cr  is to usc S- and X-

band (wavelengths of 13 and 3.6 cm) radio pmpagatiot  I mcasurcn~cnts  conducted by

lJlysscs during its solar conjunction in 1991 (llird et al. 1994) to show that (1) these

cnhanccmcnts coincide with the stalks of coronal st real ncrs as obscrvecl  in solar eclipse

pictures when processed to enhance spatial gradients (Koutch]ny  19“/5), (2) the fluctuations

represent fine-scale filamentary structure, ancl (3) the f] lamemtary  structure unclcrgocs

significant cvo]ut ion with increasing heliocentric distallce.  by tllc t i m it rcachcs Ilarlh orbit.

2. (JLYSSES RA1)IO PROPAGA’I’1OF! M[iASIJRI;Mt iN’1’S

This paper is based on radio propagation mcasurclt~cnts of ranging (time delay At) and

Doppler frequency. Ranging or time delay AT observes path intcg,ratcd  electron clcnsity n

J
AT - n ds (1)

and Doppler frequency fl, the time derivative of path i] ltcgratcd  dcnsit y

(2)
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wheres is distance along the ray path. Iloppler scintill alien o]) is thr rms of Doppler

frequency fluctuations estimated for some tirnc scale. l;or a sphcrical]y  symmetric solar

wind, ranging essentially probes the mean density n (Itird ct al. 1994), and Doppler

scintillation dcmity fluctuations An (Woo 1978) near the closest approach of the radio path.

‘1’hc lJlysscs  co~ljunction  is wel]-suited for investigating coronal streamers, because it

took place at a time when the large-scale coronal magnetic field wm s[:iblc, and the tilt of

the hcliosphcric  current sheet large enough that rccurrcnt low-latituclc coronal streamers

persisted over several solar rotations, thus permitting n Icasurcmcnts at varying heliocentric

distances. Onc of these streamers located ncal Carring,[on  longitude 350° was identified in

the Ulysses S-band 5-hour ranging and ranging scintillation mcasurcmcnts  (Woo cl al.,

1995). First dctcctcd  off the cast limb on DOY 228 (16 August 1991), this streamer was

seen again half a solar rotation later on DOY 240 (28 August 1991) when the lJlysscs radio

path had crossed over to the west limb.

Shown in }Fig. 1 arc the S-band measurements of this same stl-cal  nc.r on l~OY 228 and

240, consisting of 10-rein time clclay  AT (Bird et al. 1994) and 3-nlin Ijopplcr scintillation

CJIJ based on 10-see Doppler data (Woo et al. 1985), al]d plot[cd over a period of 0.6 day

(14.4 hrs). Note that the time axes arc shown in rcvcrsc to coincide with solar synoptic

maps, for which increasing Barrington longitude usually runs frmn left to right. liactiona]

density fluctuation An/n is estimated once every 3 mini by convcr[ing  Dopp]cr  scintillation

to ranging scintillation before dividing by the corresponding 10-rein  ranging measurement.

in the conversion, it is assumed that the electron density spectrum is power-law and

Kolmogorov  (one-dimensional spectral index of 5/3). The results arc not sensitive to the

spectrum shape as they differ by only 16’%) over the range of observed spectral indices —

5/3 to 1 (Woo and Armstrong 1979).

As found previously with 5-hr averages of rangins  and ranging scintillation based on

10-rein  rar~ging measurements (Woo et al. 1995), tmhiinccmcnts  in density n (Az), density

fluctuation An (or)) and An/n arc the manifestation of the streamer crossing, but those of
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An and An/n are strikingly higher  than that of the recall or large-scale (icnsity. For

instance, in the case of DOY 240, n rises by a factor of two, whiic An and An/n rise by a

factor of about 50. in the enhanced region, An/n is as high as a fcw percent. l’hc

boundaries of the enhanced regions of An and An/n are also n]orc abrllpt than those of the

mean or large-scaic (icnsity, suggesting the separation of small-scalr.  plasma of different

nature and origin.

At first glance, the abruptness of the path-integrateci scintillation measurements

sl]ggcsts temporal rather than spatial variation, but spa{ ial varialion  is confirmxi by the

similarity in the scintillation time series during successive solar rotations, as shown in Figs.

2b and 2c. These results show that the region of enha~lced  density fluctuations

corresponds to a flow t ubc (or sheet since path- intcgrat cd ]llc:isll]c]l-]cr~ts  cannot distinguish

bctwccn flow tube and sheet) of angular extent 1.8° in heliographic longitude.

}Mhcrmorc,  clustering of filamentary structure withi]l  this flow tui>c  is evident, as there

appears to bc as many as thrcc”smallcr  flow tubes that :ire not only lo~]~-lived  but extend

from 14 to 77 Ro. ‘1’hc 3-nlin sampling rate of’ the Do]@er  scintilla ion tiata  indicates that

the filamentary structure extends to sizes as small as 340 km at the Sun (0.5 arcscc). The

flow tube’s angular size as measured by the duration of the enhance.(i scintillation changes

lit[lc over this heliocentric distance range, indicating aJ)proximatc ra(iial  expansion. When

extrapolated back to the Sun, the size of the largest flow tube is 2 x 1 @ km (30 arcsec) and

that of the smaller ones is 7300 km (10 arcsec). The tlu’ec inmx t ubcs suggest three current

sheets that arc associatcci with twin- or three-wch he]] lmt streamers (Crooker  et al. 1993).

in situ plasma measurements near 0.3 All by Ilelios, showing pressure.-balanceci structures

in tile slow solar wind (Thicmc et al. 1990), is also co]mistent  with (}IC filamentary structure

found near the Sun.
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3. RELATIONSHIP OF RAD1O TO WHITE-LIGHT MI ~AS[JR13MENTS

White-]ight pictures of streamers in the outer corolla,  like the ranging results in Fig. 1,

show clcnsity profiles that are relatively smooth, and exhibit rc.lativc]y  low contrasts

bctwccn  tbc interior and exterior of the streanwr. This is of course expected, as both whitc-

light and ranging observe path-integrated electron density. When thr. same white-light

pictures are processed to remove the radial dcpcndencc  and enhance spatial gradients of the

corona, they reveal a variety of striking ray-like structlucs  (Koutchmy  ct al. 1975;

Guhathakurta  and Fisher 1995). Parallels between Iloj)plcr  scintillation and white-light

mcasurcmcnts  arc clear as soon as it is realized that the density fluctuations observed by

Dopp]cr scintilla ion represent filamentary structure. Variations in the I loppler  scintillation

indeed bccornc more evident once the dominant radial depcndcncc  is removed (Woo and

Gazis 1993; Woo et al. 1994). However, they arc Ino] e abru])t  and dramatic than the

ringing variations bccausc,  like the ray-like structure in the erlhanccd  white-light pictures,

they arc the manifestation of the gradient in path-intcgl  ated density. Since Doppler

frequency measures the time derivative of path-integrated density given by equation (2), for

filamentary structure, it is also measuring the spatial g~ adicnt  related to Ihc time derivative

through the Sun’s rotation rate.

Examination of the lJlysses  ] -SCC dual-frequency l)oppler time series (Woo et al. 1976)

shows density gr~dicnts  of signs that arc alternating aJJproxin]atcly continuously,

suggest ing that filamentary struct urc extends down to the smallest corresponding siy.e  of

3 x 10-? arcscc (2 km) at the Sun. Recent inte.rpretati(m of angular broadening

mcasurcmcnts  that image the electron density irrcgula] ities in the plane.  of the sky confirms

filamentary structure at least as small as 1 km (Woo 1 {J95b). Thus, the ?-rein l>oppler

scintillation mcasurcmcnts  that arc based on 10-see Doppler samples correspond to the rms

of spatial gradients computed over a distance of 340 km at the Sun (0.5 arcscc) based on

mcasurcmcnts of the gradient every 20 km (3 x 10-2 arcsec).
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‘Ilc regions of enhanced Dc)ppler scintillation, of roughly the same size ( 1–20),

obviously coincide with the stalks of the coronal strca]l~crs in cclipsc pictures proccsscd  to

similarly reveal spatial gradients, These cnhancccl  cc]ipse  pictures show that the gradient of

onc boundary of the stalk is often greater than that of tllc other. A simikir situation is also

evident in Fig. 1 showing steeper gradients on the eastern ancl western boundaries of the

stalk on DOY 228 and DOY 240, rcspcctivcly. Of course, it is thcjl hig,h time resolution

that trans]atcs Doppler scintillation into high spatial rcsolutim mcasurcmcnts,  thereby

revealing fine-scale filamentary struct  urc in the stalks ] lot observed in white-light

mcasurcmcnts.  Rcccnt results on velocity structure in the inner corona dcctuccd  from

mult iplc-st  ation intcnsily stint illation  measurements o~’cr the strcan m belt suggest that

these streamer stalks are most likely the sources of the slow solar wind (Woo 1995a).

Finally, while long-] ivccl  filamentary structure is [Jbservecl  in Fip,. 2, the results in

Fig. 1 show that considerable variation in both large- and small-scale structure of the

streamer can take place over a period of half a solar rotation. Among,st  others, there is a

shift of the stccpcr dcnsit  y gradient from the eastern t c) western flank. Such temporal

changes arc also consistmt with Ihosc of large-scale coronal strcantcr structure seen in

white-]ight mcasurcmcnts  (Poland 1978).

4. EVO1.IJTION WITJI Hill.10CIiNTRIC IIIS1’ANCE

I~or hc]ioccntric  distances beyond 77 Ro, only X-band rncasurmv.mts of the coronal

streamer at Barrington longitude 350° were available, and these :irc shown in Figs. 2a and

2c. Multiplication of the X-band rncasurcmcnts  cm by the fi~ctor  (3/11)x {2 convcr[s thcm

to an approximate correspondence with the S-band n Ieasurcmcnts of Figs. 2b-2d.

Although the time series in Figs. 2a and 2C do not cover the full dumtion of streamer

passage, they ncverthclms hint at erosion and expansion of the cnhancecl rcgjon of density

fluctuations with increasing heliocentric distance. A ]norc complete. and rcprcscntativc

X-band profile near Earth orbit is that of another streamer near Cal ring ton longitude 190°
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displayed in Fig. 2f, showing that the region of enhanced density fluctuations has grown to

an angular width of about 8° near 1 AU. ]nsip,ht  into t] le evolution of the Doppler

scintillation streamer signature is provided by resuhs  from a superposed epoch analysis of

hcliosphcric  current sheet (HCS) crossings at 1 ALJ bawd on 1 -hr averages of S-rein field

and parliclc  mcasurcmcnts by ISE13-3 (Huddlcston  et al. 1995). ‘1’hc density fluctuation

results from this lSEE-3  study have been supc.rimposcd on the scintillation results in

Fig. 2f, showing a remarkable consistency between tlm two nwasurcmcnts. This shows

that, as the fmt wind runs into the slow wind, dynamic leading-e.dgc compression causes

broadening of the region of density fluctuations, particularly  to the cas[ of the HCS. Thus,

dcnsit y fluc[ua[ion enhancements associated with corot sting interaction regions formed

farther from the Sun are often difficult to distinguish f] om coronal strcamrs

(Ananthakrishnan ct al. 1980; 1 loumirmr and Furguson  1993).

5. DISCUSSION ANI) CONCLIJS1ONS

‘1’hc electron density irregularities investigated by 1 )opplc~  (or phase) scintillation

measurements near the Sun over the past two decades have been ~cncrally  thought of as

turbulent in nature. I’hat they represent fi]amcntary  st] ucturc instc.ad  is somewhat

surprising. This new pcrspcct  ivc, however, elucidates the paral ICIS bet wecn Doppler

scintillation measurements and eclipse pictures that have been proccsscd  to enhance spatial

gradients, reinforces the observations of ray-like structures in the enhanced cclipsc

pictures, explains the abrupt variations in Doppler scintillation that coincide with the stalks

of corona] streamers, and improves our understanding, of in situ plasma mcasurerncnts  of

the hcliosphcric  current sheet at 1 AU. More important, Doppler stint i] Iation  measurements

offer the higher spatial resolution that has so fm eluded corona] imap,ing (Koutchmy  et al.

1994). This improved resolution has revealed that the stalks of coronfil  slreamcrs,  which

arc most likely the sources of the slow solar wind, are permeated by fine-scale filamentary
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structure. Although high spatial resolution is a consecjuence  of the high time resolution, it

is the high sensitivity and wide dynamic range. of the 1 )oppler  nmmrcmcnts  that have made

it possible to observe the fine-scale structure in and OU[ of the streamer stalk. These are the

same features that have enabled Doppler scintillation n ]easuremcnts to observe the solar

wind and its variations over a heliocentric distance range that spans from the vicinity of the

Sun to near Earth orbit (Woo 1978).

Small-scale coronal structure has received much attention lately (see e.g., }Iabbal

1992), The Ulysses Doppler scintillation measurements show that small-scale structure for

scale sizes in the range of 2W340  km amounts to only a few pcrmmt  of the large-scale

density, even within the stalk of the streamer, where it is largest. Still, the importance and

need for high spatial resolution measurements is poignantly demonstrated by the fact that
\

the range of variat ion of small-scale structure is far greater than that of thcf+large-  scale

density. Thus, within the stalk of the streamer, the strllcturc associated with closed

magnetic fields is an order of magnitude larger than that outside the stalk associated with

open fields. Clustering of the filamentary structure wi{hin the sh-camcr stalk is probably a

manifestation of multiple current sheets. With Yohkol i already providing X-my images

(Ogawara cl al. 1992; Strong et al. 1992) and SOHO soon to Jwovidc. enhanced

spectroscopic and white-light imaging capabi]itics  (SCC e.g., Brucckncr  ct al. 1992),

probing small-scale coronal structure with complementary Dopp]cr  scintillation

nmasurcmcnts by e.g., Galileo and ICE (Woo 1994), (~pcns  up new and exciting

opportunities for improving our understanding of small-scale struc[urc  and its relationship

to solar and coronal features.
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I:lGURE CAPTIONS

Figure 1. Profiles of Az (-n) and OIJ (-An) of coronal streamer near Carring[on longitude

350°. For the sake of co]nparison,  all plots cover 0.6 [iay. Figs. 1 a and 1 b took place on

the east limb, while Figs. 1 c and 1 d on the west limb half a solar rotation later. Note that

the streamer shows consirlcrablc variation in structure over half a solar rotation,

Figure 2. Figs. 2a-2e are profiles of o], (-An) of coronal streamer near Carring[on

]Ongitudc 350° during successive solar rotations. Fig. 2f is of corona] streamer at

Barrington longitude 190°, For the sake of compariso]~,  all plots cover 0.6 day. Except  for

Figs. 211 and 2c, no effort has been made to align the s[reamcr enhancements. Figs. 2a-2c

arc cast limb, and Figs. 2d-2e are west limb observations. Day of year (IJOY) in Figs.

2a-2c  is in 1991 while DOY in Fig. 2f is in 1992. Two regions of 1 ~ig. 2b and 2C are

shaded to indicate filamentary structure lasting one solar rotation, Supcrirnposed  curve in

Fig. 2f represents density fluctuation results f]om superposed epoch analysis of

heliosphcric  curren[ sheet crossing by Huddleston et al. (1 995). q’hcse results are

displayed relative to the current sheet crossing as indicated at the top of the plot.

10



4400 r——————————————r- - — .T—~——.. a

?

200;28>~~—--L_—~ _-——-.-L----- --l
228.2 228.1 228 227.9 227.8 227.7

3000

L

T - — — — Y - - — – – T  —,–.—– —..

1“

3
l b

~ 2000 2
T

g
&-

1000
E

+

, 5

:28.3 228.2 228.1 228 227.9 227.8 227.;

2800

2400

~ 2 0 0 0

2 1600

1200

——--——T-– —-T —~——— —.. 1

— . . — — J – –  — _ _ _ L — . . – —  — . .

241.1 241 - 2 4 0 . 9 240.8 240.-/’ 240.6 ?40.5

5000

LA

—-.--— —-

4000 1 d

a 3 0 0 0
r
g 2000

e 1000

0 .~—————

~–– —–__ —r--— –.-–,1 o
R.21R0

I
.-J (J

240.5241.1 241 240.9 240.8 240.7 240.6



,

300 F=—-—-- ‘--’-”””I R = 0.61 AU 7

Ki 200

L Ati - -

131 Ro

~
100

8

n A . L . J . .  . – – J .  —
-+..

1

“178 177.9 177.8 177.7 177.6 177.5 177.4

250
~— —...

200 R = 0.36 AU

$7 150
77 R.

~
100

~ 50 1
f) l—-------- _._._  .L–--.. -.J

202.5 202.4 202.3 202.? 202.1 202 201.9

3000

2000

1000

n 1.
;28.3 228.2 228.1 228 227.9 2?7.8 227.7

5000 ,___ti.——v-~- ~–- ‘ –- - – –1  ‘ — -r - -  - ‘-

L
4000 2d R = 0.1 AU

3000
21 R.

2000

1000

0 —+.—~.

241.1 241 240.9 240.8 240.7 240.6 240.5

300 r==— ‘--- ‘7-”--1- R = 0.43 AU 1

200

100

I

92 Ro

LI
o L--------------------- —-2 __L_—--.. J

268.2 268.1 268 267.9 267.8 267.7 267.6

DAY RELATIVE TO HCS

150°s..Jg.&s---4
-0.1 -0.2

—r-–- –.-  -m 8

J6 W-
100

4 ‘~

50 2s

o 0

2.2 2.1 2 1.9 1.8 1.7

DOY


